In this study, the regulator MalR (Saci_1161) of the TrmB family from Sulfolobus acidocaldarius was identified and was shown to be involved in transcriptional control of the maltose regulon (Saci_1660 to Saci_1666), including the ABC transporter (malEFGK), ␣-amylase (amyA), and ␣-glycosidase (malA). The ⌬malR deletion mutant exhibited a significantly decreased growth rate on maltose and dextrin but not on sucrose. The expression of the genes organized in the maltose regulon was induced only in the presence of MalR and maltose in the growth medium, indicating that MalR, in contrast to its TrmB and TrmBlike homologues, is an activator of the maltose gene cluster. Electrophoretic mobility shift assays revealed that the binding of MalR to malE was independent of sugars. Here we report the identification of the archaeal maltose regulator protein MalR, which acts as an activator and controls the expression of genes involved in maltose transport and metabolic conversion in S. acidocaldarius, and its use for improvement of the S. acidocaldarius expression system under the control of an optimized maltose binding protein (malE) promoter by promoter mutagenesis.
A lthough the archaeal transcription machinery closely resembles the eukaryotic RNA polymerase II (RNAP)-type transcription apparatus (1) (2) (3) , expression from the archaeal transcription apparatus is controlled by regulators like those in bacteria (4, 5) . These regulators act by binding to the DNA-promoter regions, thereby blocking the access (repressor) or enhancing the binding (activator) of RNAP to basal promoter elements (6) .
The ability of microorganisms to utilize multiple carbon sources requires specific and efficient uptake systems as well as sophisticated regulation of complex metabolic pathways. Besides regulation at the protein level (e.g., allosteric regulation, posttranslational modifications), regulation at the transcript level plays a major role; so far, however, only a few transcriptional regulators that are involved in carbohydrate utilization have been identified and analyzed in Archaea. In the euryarchaeon Pyrococcus furiosus, the negative regulator TrmB represses the expression of the operon encoding the trehalose/maltose ATP-binding cassette (ABC) transporter (TM system) as well as that for the maltodextrin-specific ABC transporter (MD system) (7) (8) (9) (10) . Trehalose and maltose (TM system) and maltodextrin and sucrose (MD system) serve as inducers resulting in decreased binding affinities of the sugar-sensing repressor, whereas glucose serves as a corepressor. Therefore, TrmB was shown to act as a bifunctional regulator with dual promoter specificity (TM and MD systems), whose responses to sugar effectors are promoter specific.
TrmB and TrmB-like regulators (TrmBL) have been identified in many Euryarchaeota but only in two Crenarchaeota (Sulfolobus acidocaldarius and Caldivirga maquilingensis), and representatives from P. furiosus and Thermococcus kodakarensis, as well as Halobacterium salinarum NRC-1 VNG1451C, have been studied in detail (9, 11, 12) . T. kodakarensis Tgr (Thermococcales glycolytic regulator) (TrmBL1; TK1769) has been shown to function as both an activator and a repressor. The global transcriptional regulator regulates the transcription of genes involved in glycolysis/maltodextrin metabolism and gluconeogenesis. Disruption of the tgr gene resulted in a decrease in the growth rate under gluconeogenic conditions (peptides/pyruvate), whereas glycolytic growth was not affected. Microarray analysis of the mutant revealed a defect in the transcriptional activation of gluconeogenic genes (11) . Genes regulated by Tgr possess a specific sequence motif, the TGM (Thermococcales glycolytic motif) (13) , positioned upstream of the B recognition element (BRE) site in gluconeogenic promoters (activator) and downstream in glycolytic promoters (repressor) (11) . A similar but more complex mode of regulation has been reported for P. furiosus TrmBL1, which is active in addition to TrmB (9, 10) . Another TrmB-like protein, TrmBL2 (TK0471), was investigated in T. kodakarensis (14) . This protein is an abundant chromosomal protein and forms fibrous, thick structures with DNA. Additionally, it binds to coding and intergenic regions of the DNA and represses transcription, probably by blocking RNAP recruitment (14) . In Halobacterium salinarum NRC-1, VNG1451C, a TrmB family transcription factor, has been shown to either activate or repress 113 different promoters controlling genes involved in diverse metabolic pathways, such as glycolysis, the tricarboxylic acid cycle, and amino acid and cofactor (e.g., purine and thiamine) biosynthesis (12) .
Sugar uptake in Archaea is mediated mainly via ABC transporters, and in Sulfolobus solfataricus, two different families of ABC transporters have been identified. The predominant transporters are monosaccharide transporters, and the second, yet uncharacterized family comprises di-and oligosaccharide transporters (15, 16) . The thermoacidophile S. acidocaldarius is able to grow on only a limited range of carbohydrates, such as D-fucose, D-glucose, D-xylose, sucrose, maltotriose, dextrin, and starch (17, 18) , a finding also reflected by the limited number of ABC transporters identified in the genome. Although no regulatory proteins have been identified for any of the inducible sugar ABC transporters in the Sulfolobales, a detailed promoter analysis of the S. solfataricus araS gene, encoding the arabinose binding protein, was performed in Sulfolobus islandicus. An upstream activating sequence (UAS/Ara box) and a proximal promoter element were identified in addition to the core promoter elements (BRE, TATA). The presence of the Ara box strongly activated transcription in response to arabinose, as deduced from promoter mutagenesis (19) ; however, the respective regulator is still unknown.
S. acidocaldarius is one of the few genetically tractable crenarchaeal organisms known to date. Knockout and overexpression systems have been established (20, 21) . The promoter of the putative maltose-binding protein Saci_1165 has been shown to be maltose inducible (21) , and very recently, the ABC transporter was confirmed as the maltose transporter in S. acidocaldarius (22) .
The aim of this study was to identify and characterize the regulator of the maltose regulon in S. acidocaldarius that is involved in the transcriptional control of the maltose transporter and of maltose/maltodextrin-degrading enzymes and to analyze the promoter elements that are important for expression control by using the malE promoter. Here, we report that MalR (Saci_1161), a member of the TrmB family of regulators, activates the expression of the mal regulon in S. acidocaldarius. In addition, the knowledge gained was used to construct an improved vector for protein expression under the control of the maltose binding protein (malE) promoter by promoter mutagenesis.
MATERIALS AND METHODS
Strains and growth conditions. Sulfolobus acidocaldarius MW001, a ⌬malR strain, and plasmid-containing strains were grown aerobically in Brock medium at a pH of 3 and 76°C. The medium was supplemented with 0.1% (wt/vol) tryptone or with 0.1% (wt/vol) N-Z-Amine. The growth of the cells was monitored by measurement of the optical density at 600 nm (OD 600 ).
Construction of a MalR deletion plasmid. The regions upstream and downstream of saci_1161 (malR) were amplified with primer pairs 981/ 982 and 983/984, and overlap extension PCR was performed using both saci_1161 flanking regions with the outer primer pair 981/984 on genomic DNA from S. acidocaldarius (39) . The resulting gene deletion fragment was purified and cloned into the BamHI/NcoI site of pSVA406 (23) , leading to the gene deletion plasmid pSVA421. pSVA421 was used for the transformation of Escherichia coli ER1821 cells to obtain methylated plasmids at all HaeIII sites.
Construction of a MalR deletion mutant. The in-frame markerless malR deletion mutant was constructed using linear DNA as described previously (23) . Fifty microliters of electrocompetent MW001 cells (theoretical OD 600 , 10) (23) was electroporated with 100 ng methylated pSVA421 DNA (1,500 V, 600 ⍀, 25 F; 1-mm cuvette). The cells were resuspended with 50 l 2ϫ recovery solution (1% sucrose, 20 mM ␤-alanine, 1.5 mM malate buffer [pH 4.5], 10 mM MgSO 4 ), incubated for 30 min at 75°C on a Thermomixer, and spread on 1st-selection plates (Brock medium supplemented with 0.1% N-Z-Amine, 0.2% dextrin, and 0.7% Gelrite). The plates were sealed in a plastic bag and were incubated in a 76°C oven for 5 to 7 days. Single colonies were picked and were transferred to liquid 1st-selection medium. Seventy-five microliters of an exponentially growing integrant culture was spread on 2nd-selection plates (Brock medium supplemented with 0.1% tryptone, 0.2% sucrose, 100 g/ml 5-fluoroorotic acid , 10 g/ml uracil, 0.7% Gelrite), which were sealed in plastic bags and incubated for 5 to 7 days at 76°C. Single colonies were screened for gene deletion mutants by colony PCR (23) using the outer primers 990 and 991. The deletion of Saci_1161 was verified by sequencing analysis of the genomic region.
Quantitative RT-PCR. MW001 and ⌬malR cells were inoculated in Brock medium supplemented with 0.1% tryptone, 10 g/ml uracil, and either 0.2% sucrose or 0.2% maltose. Portions (16 ml) of cell culture were harvested at an OD 600 of 0.3. Total-RNA isolation, cDNA synthesis, and quantitative reverse transcription-PCR (RT-PCR) were carried out as described previously (24) . Gene-specific primer sets (see Table S1 in the supplemental material) were used to analyze the transcript levels of the maltose gene cluster, saci_1161 to saci_1166, in the ⌬malR mutant and the background strain MW001 in the exponential-growth phase under both conditions (supplementation with sucrose or maltose). All quantification cycle (C q ) values for the efficiency of amplification were calculated for each primer set and were standardized to the C q value of the housekeeping gene saci_0574 (secY) (25) .
Construction of mutated malE promoter sequences. The backbone of all plasmids constructed was pCmalLacS (21) or pSVA1423, a pCmalLacS derivative that contains a copy of Saci_1161 under the control of its own promoter next to the pyrEF cassette, cloned into KpnI and XhoI restriction sites. In these backbone plasmids, the malE promoter was removed with SacII and NcoI and was replaced by the respective mutated promoter.
Promoter mutations up to 39 bp upstream of the malE transcription start site were introduced by PCR amplification of the promoter with primers containing the specific mutations. The purified PCR products were restricted with SacII and NcoI and were ligated into the backbone plasmid, which was treated with the same enzymes. The plasmids were propagated and selected in E. coli DH5␣.
For truncations and mutations further upstream of the malE transcription start site, the 266-bp malE promoter was cloned into pGEM-T Easy (Promega). The mutations were introduced by PCR amplification of the whole plasmid with primers containing overlapping ends. Template DNA was removed by DpnI digestion directly within the PCR mixture. The purified PCR products were transformed and selected in E. coli DH5␣. The mutated promoters were transferred into the respective backbone plasmids by restriction with SacII and NcoI.
For the exchange of the malE promoter with the malR promoter, the malR promoter (191 bp) was amplified with primers 2980 and 2981. The PCR product was cut with SacII and NcoI and was ligated into pCmalLacS treated with the same enzymes. The resulting plasmid was pSVA1492.
All mutations were confirmed by sequencing, and the plasmids were transformed into E. coli ER1821 cells for methylation. One to 2 l of methylated plasmid was used for the electroporation of MW001 cells as described above, but for recovery, 950 l Brock medium (pH 5) containing 0.1% N-Z-Amine was used. The cells were incubated in recovery solution for 30 min at 75°C on a Thermomixer and were spread on 1st-selection plates (Brock medium supplemented with 0.1% N-Z-Amine and 0.2% sucrose). The plates were sealed in a plastic bag and were incubated in a 76°C oven for 5 to 7 days. Single colonies were picked and were transferred to liquid 1st-selection medium.
ONPG assay. S. acidocaldarius precultures were grown overnight in 5 ml Brock medium containing 0.1% N-Z-Amine and 0.2% sucrose. On the next day, three biological replicates were inoculated, each in 5 ml Brock medium containing 0.1% N-Z-Amine and 0.3% sugar (sucrose or maltose), and were grown for 24 h to 36 h to an OD 600 of approximately 0.8. Two milliliters of cell suspensions was harvested by centrifugation at 16,000 ϫ g for 1 min. After the removal of the supernatant, the pellets were stored at Ϫ20°C. The cell pellets were resuspended in Z-buffer (10 mM KCl, 1 mM MgSO 4 , 60 mM Na 2 HPO 4 , 40 mM NaH 2 PO 4 [pH 7]) con-taining 1 mM phenylmethylsulfonyl fluoride (PMSF) and 0.5% Triton X-100 to a theoretical OD 600 of 3.2 and were sonicated three times for 10 s at 60% amplitude. Each reaction mixture consisted of 175 l Z-buffer, 15 l sample, and 10 l ONPG solution (3.6 l 2-mercaptoethanol, 12 mg o-nitrophenyl-␤-D-galactopyranoside [ONPG] per 1 ml Z-buffer). The hydrolysis of ONPG to o-nitrophenol was measured at 410 nm with the Infinite 200 fluoro-/luminometer (Tecan) for 2 to 3 h in 2-to 5-min intervals at approximately 41.5°C. In parallel, the protein concentrations were determined by using a bicinchoninic acid (BCA) assay kit (Interchim) and bovine serum albumin (BSA) dilutions as standards.
␤-Galactosidase activities were calculated by the following equation:
x ϭ 60,000 ϫ (A 410 (t 2 Ϫt 1 ) Ϫ autolysis at 410 nm (t 2 Ϫt 1 ) ) ϫ 7
time ϫ volume of sample ϫ concentration of protein (1) where x is the ␤-galactosidase activity in modified Miller units [⌬A/(min · mg)], time is expressed in seconds, the volume of the sample is expressed in milliliters, and the concentration of protein is expressed in milligrams per milliliter. The factor 7 was determined as the correction factor for the activity of ␤-galactosidase at 75°C under normal growth conditions instead of 42°C, the maximum temperature at which the assay could be performed (24) . For the comparison of activities, the median for the three replicates was used. Construction of MalR expression plasmids. malR was amplified from S. acidocaldarius genomic DNA by PCR using primers 569 and 570, restricted with NcoI and BamHI, and ligated into pMZ1 treated with the same enzymes, yielding plasmid pSVA918. malR was excised with NcoI and EagI, thereby adding a C-terminal Strep tag and 10ϫ His tag to the protein, and was subsequently ligated into the E. coli/Sulfolobus shuttle vector pSVA1450. After sequencing, the resulting expression plasmid, pSVA1470, was used for the transformation of E. coli ER1821 cells for methylation. For expression in E. coli, malR was amplified from a codonoptimized template (Eurofins MWG Operon, Ebersberg, Germany) using primers 2237 and 2238, restricted with NcoI and BamHI, and ligated into pSA4 digested with the same enzymes. The resulting plasmid, pSVA937, contained the codon-optimized, C-terminally hexahistidine-tagged malR gene under the control of a T7 promoter.
Expression and purification of MalR from S. acidocaldarius. The methylated expression plasmid pSVA1470 was used for the transformation of electrocompetent MW001 cells as described above. A 400-ml preculture was grown for 3 days in Brock medium containing 0.1% tryptone, 0.2% maltose, and 0.2% sucrose. The whole preculture was used to start fed-batch fermentation in a 10-liter fermentor with continuous air intake. The culture was stirred at 200 rpm, and twice a day, fresh medium, including a 0.2% maltose-dextrin mixture as an inducer, was fed. The culture was harvested at an OD 600 of 4.1. The harvested cells were disrupted by sonication in buffer A (50 mM Tris-HCl [pH 8.0] and 500 mM NaCl). Cell debris was removed by centrifugation at 25,000 ϫ g, and soluble protein was precipitated with 80% saturated ammonium sulfate. The precipitated protein was resuspended in buffer A supplied with 7.5 mM imidazole, and precipitates were removed by centrifugation at 236,400 ϫ g. The supernatant was loaded onto a 1-ml nickel-nitrilotriacetic acid-agarose column, which was preequilibrated with buffer A containing 7.5 mM imidazole. The column was washed with buffer A containing 50 mM imidazole and was eluted with elution buffer containing 300 mM imidazole. The eluted fraction was pooled and was dialyzed against buffer B (50 mM Tris-HCl [pH 8.0] and 100 mM NaCl) to remove imidazole.
Expression and purification of MalR from E. coli. E. coli Rosetta DE3 pLysS chemically competent cells (Novagen, Merck KGaA, Darmstadt, Germany) were transformed with the codon-optimized MalR expression plasmid pSVA937. Four 1-liter volumes of LB medium containing 0.5% glucose, 50 g/ml ampicillin, and 30 g/ml chloramphenicol were each inoculated with 30 ml preculture and induced with 0.5 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) when cells reached an OD 600 of 1. Cells were harvested after 2.5 h of induction and were disrupted by sonication in buffer C (50 mM Tris-HCl [pH 8.0], 200 mM NaCl, 1 mM dithiothreitol [DTT], 2 mM EDTA). Cell debris was removed by centrifugation at 25,000 ϫ g, and soluble protein was precipitated with 80% saturated ammonium sulfate. The precipitated protein was resuspended in buffer C supplied with 5 mM imidazole. Precipitates were removed by centrifugation at 236,400 ϫ g. The supernatant was loaded onto 1 ml cOmplete His-tag purification resin (Roche Diagnostics GmbH, Mannheim, Germany), preequilibrated with buffer C containing 5 mM imidazole. The column was washed with buffer C containing 50 mM imidazole and was eluted with buffer C containing 300 mM imidazole. The eluted fraction was pooled by buffer exchange with an Amicon Ultra-4 10K device (Millipore, Merck KGaA, Darmstadt, Germany) using buffer D (50 mM TrisHCl [pH 8.0], 120 mM NaCl, 10% glycerol, 1 mM DTT, 2 mM EDTA) to remove imidazole.
Electrophoretic mobility shift assays (EMSAs). The malE promoter region was amplified from S. acidocaldarius genomic DNA by PCR using 32 P-labeled primers. The PCR products were purified by gel electrophoresis (5% polyacrylamide) in 1ϫ TB buffer (45 mM Tris-borate). The bands corresponding to the substrates were excised and were eluted from the gel by diffusion at room temperature for 20 h into a buffer (20 mM Tris-HCl [pH 8.0]).
Fifteen microliters of the DNA binding assay mixture contained 30 mM Tris-HCl (pH 8.0), 75 mM NaCl, 1ϫ BSA (New England BioLabs), 10% glycerol, 5 nM labeled promoter DNA (8 ng), 100 ng of herring DNA, and the concentrations of MalR indicated in the figure legends. The reaction was performed at 60°C for 30 min. Samples were put on ice to stop the reaction and were then directly loaded onto 6% native PAGE gels and run at room temperature under a constant voltage of 15 V/cm in 1ϫ TB buffer. The resulting gels were visualized with a Storm 840 phosphorimager (GE Healthcare Europe GmbH, Freiburg, Germany).
Heterologous expression of the PP i -dependent phosphofructokinase (PFK) gene from Thermoproteus tenax (pfp; TTX_1277) in S. acidocaldarius. The pfp gene (TTX_1277; EC 2.7.1.90) was amplified from Thermoproteus tenax genomic DNA; NcoI and BamHI restriction sites were introduced at the 5= and 3= ends, respectively (primers 5= CTGAAC CCATGGCGATAGGAGTTCTGAC 3= and 5= TTAAAGGATCCGCCCG CTAGGTCCGGCCAATAGG 3=); and the fragment was cloned into the pMZ1 prevector (26) , yielding the pMZ::TTX_1277 vector. This plasmid was digested with NcoI and EagI, and the insert containing the pfp gene fused C-terminally to a Strep tag and 10ϫ His tag was ligated into pCmalLacS (21) and pSVA1450, yielding pCmalLacS::TTX_1277 and pSVA1450::TTX_1277, respectively. Before the transformation of MW001 cells, these plasmids were methylated by transforming E. coli ER1821 cells (New England BioLabs) harboring the additional plasmid pM.EsaBC4I (New England BioLabs) with plasmid DNA.
Overnight cultures of MW001 cells harboring pCmalLacS::TTX_1277 or pSVA1450::TTX_1277 were used to inoculate 1 liter of Brock medium containing 0.1% N-Z-Amine, 0.2% dextrin, and 0.4% maltose. Cells were grown at 78°C until an OD 600 of 0.7 was reached. The cells were collected by centrifugation as described above and were stored at Ϫ80°C (1.6 g [wet weight] of pCmalLacS::TTX_1277 cells and pSVA1450::TTX_1277 cells).
Frozen cell pellets were thawed on ice and were resuspended in 5 ml lysis buffer (50 mM NaH 2 PO 4 , 300 mM NaCl [pH 8.0]) containing the Complete EDTA-free protease inhibitor cocktail (1 tablet/10.5 ml of lysate; Roche). The cells were lysed by passing three times through a French pressure cell at 20,000 lb/in 2 . Cell debris was removed by centrifugation as described above, resulting in the crude extract (CE).
Equal volumes of crude extracts (4.3 ml) from the two types of cells were used for purification by Ni affinity chromatography according to the manufacturer's protocol (Protino Ni-TED 1500; Macherey & Nagel). All purification steps were performed in parallel, and equal volumes of buffer were used (720 l for protein elution). Protein expression and purification were monitored by SDS-PAGE and Western blot analysis using an anti-Strep-tag antibody (IBA), and equal volumina for the two expression experiments were applied (corresponding to 0.5 g CE and 5 g of pCmalLacS::TTX_1277). Protein concentrations were determined with the Bio-Rad protein assay dye-dependent reagent (Bio-Rad Laboratories).
For the comparison of expression efficiency, PP i -dependent PFK activity was determined for equal protein amounts (90 g of CE and 2 g of the protein fraction after Ni affinity purification), and the total activity (U/ml) was determined. The PP i -dependent PFK activity was determined at 50°C by a coupled assay with 20 g nonphosphorylating glyceraldehyde-3-phosphate dehydrogenase (GAPN; EC 1.2.1.9) (precipitated by heat at 80°C from S. solfataricus and recombinantly expressed in E. coli), 15 U triose-phosphate isomerase from rabbit muscle (TIM; EC 5.3.1.1; Sigma-Aldrich), and 4 U fructose-bisphosphate aldolase from rabbit muscle (FBPase; EC 4.1.2.13; Sigma-Aldrich) as auxiliary enzymes. The assay was performed in 100 mM Tris-HCl (pH 7) in the presence of 2 mM NADP ϩ , 1 mM MgCl 2 , 5 mM PP i , and 10 mM fructose-6-phosphate (F6P) in a total volume of 500 l. Enzymatic activities were measured by monitoring the increase in absorption at 340 nm. Reactions were started by the addition of the substrate F6P.
RESULTS
Identification of MalR, the regulator of the maltose regulon. Expression from the promoter of the putative maltose-binding protein Saci_1165 has been shown to be induced in the presence of maltose in the medium (21) . Saci_1165 is part of a typical ABC transporter operon that comprises the classical gene components of archaeal ABC transporters (16) , as well as genes encoding enzymes involved in carbohydrate degradation. The gene cluster consists of genes encoding a membrane-bound ␣-amylase, AmyA (Saci_1162) (27) , two permeases, MalF and MalG (Saci_1163 and Saci_1164), and a sugar binding protein, MalE (Saci_1165) (Fig.  1) . This operon is flanked by an ␣-glucosidase, MalA (Saci_1160) (22) , a predicted transcriptional regulator (mal regulon activator [MalR]; Saci_1161), and an ABC transporter ATPase, MalK (Saci_1166). Bioinformatic analysis of the MalR sequence revealed a helix-turn-helix domain for putative DNA binding as well as a TrmB sugar binding motif. MalR shows low levels of amino acid sequence identity with other archaeal regulators, such as P. furiosus TrmB (PF1743) (24.1%) and TrmBL1 (PF0124) (22.7%) (EMBOSS Needle standard global alignment; BLOSUM45 matrix), and comprises all amino acid residues that have been reported to be essential for sugar binding in TrmB (G320 and E326 of PF1743) (28) (Protein Data Bank [PDB] 3QPH) (see Fig. S1 in the supplemental material). Phylogenetic analysis of Saci_1161, closely related homologues, and experimentally characterized members of the TrmB family revealed that Saci_1161 forms a separate group within the TrmB family of transcriptional regulators (see Fig. S2 in the supplemental material) .
Effects of deletion of MalR in S. acidocaldarius. In order to address whether MalR plays a role in the regulation of the ABC transport locus, a malR deletion mutant of S. acidocaldarius was constructed and was confirmed by PCR and sequence analysis (see Fig. 2B) . However, for the ⌬malR strain, the gradual addition of maltose led only to a maximal final OD 600 of 0.7 (Fig. 2C) . No effect of the MalR deletion was observed under gluconeogenic growth conditions on N-Z-Amine alone. These results suggest that MalR regulates maltose and maltodextrin transport components and/or metabolism, whereas sucrose transport and metabolism are not affected by the mutant.
To test whether the inability of the ⌬malR mutant to use maltose as a growth substrate was caused by altered expression of the maltose transport locus, quantitative RT-PCRs of total RNAs isolated from MW001 or the ⌬malR deletion strain grown in the presence of sucrose or maltose were performed. In MW001, all the mal locus genes (saci_1160 to saci_1166) were 4-to 16-fold upregulated in the presence of maltose relative to expression during growth with sucrose (Fig. 3A) . However, in the ⌬malR strain, the expression of all the mal locus genes was drastically (3-to 4-fold) reduced, indicating a role for MalR in the activation of mal locus gene expression. Moreover, a reporter gene assay was performed in which LacS (␤-galactosidase) was under the control of the malE promoter on the pRN1-based plasmid pCmalLacS (21) . This plasmid was used for the transformation of MW001 and the ⌬malR deletion strain. Both strains were grown in the presence of sucrose (noninduced) or maltose (induced), and LacS expression levels were analyzed by the ␤-galactosidase activity assay. Whereas LacS expression under the control of the malE promoter was possible in MW001, in the ⌬malR strain, hardly any expression of LacS could be detected (Ͻ1,500 U), suggesting that MalR is required to activate transcription from the malE promoter. In accordance with the proposed activator function, LacS expression could be restored by coexpression of MalR (i.e., cloning of malR under the control of its own promoter region [200 bp] into pCmalLacS, yielding pSVA1423) (Fig. 3B) . These results confirmed that MalR is an activator of malE expression. malE expression levels in the con- struct containing malR were even higher than those from pCmalLacS. This is most probably caused by the presence of an increased amount of MalR in the cells, since the vector is a mediumcopy-number plasmid (21) .
Promoter binding by MalR. To test for MalR binding to the malE promoter, electrophoretic mobility shift assays (EMSAs) were performed with purified MalR. MalR was homologously expressed in S. acidocaldarius by using plasmid pSVA1470 and was purified from a 10-liter culture of S. acidocaldarius using ammonium sulfate precipitation followed by His-tag affinity purification (see Fig. S4 in the supplemental material). Maltose was added to the expression culture to induce the homologous expression 
FIG 3
MalR is a positive regulator of the genes in the mal regulon. (A) Quantitative PCR of the genes of the maltose transporter using mRNAs from MW001 and ⌬malR cells grown on 0.1% (wt/vol) N-Z-Amine with either 0.2% (wt/vol) sucrose or 0.2% (wt/vol) maltose. Fold differences in transcription levels between maltose-induced cells and noninduced, sucrose-grown cells are displayed on a log 2 scale. Significance was determined with a two-tailed t test, type 3. **, P Ͻ 0.005; *, 0.01 Ͼ P Ͼ 0.005. (B) Reporter gene fusion assay with pCmalLacS or pSVA1423 (which, in contrast to pCmalLacS, contains a copy of malR under the control of its own promoter) in MW001 or the ⌬malR mutant. All cells were grown under inducing (maltose) or noninducing (sucrose) conditions. All experiments were carried out in triplicate, and medians are shown.
system that is based on the malE promoter. In EMSAs, S. acidocaldarius MalR (MalR Saci ) was incubated at 60°C with a 250-bp fragment of the malE promoter in the presence of a 10-fold excess of nonspecific competitor DNA. With increasing concentrations of MalR, the specific malE promoter fragment was fully shifted, indicating binding of the protein to the promoter (Fig. 4A to D) . Binding of MalR to the promoter was independent of the presence of sugars. Binding was equally efficient in the presence and the absence of maltose (Fig. 4A and B) ; also, the addition of sugars known to inhibit the expression of the mal genes, such as D-xylose (Fig. 4C) and D-glucose (Fig. 4D) (21) , did not change the binding activity of MalR to the malE promoter. Addition of the nonlabeled malE promoter led to competition of the binding to the labeled specific promoter fragment (Fig. 4E) .
Since the binding of all other TrmB homologues studied so far to their cognate promoters is regulated in a complex manner by the availability of sugars, MalR was expressed and purified from E. coli to ensure that no maltose was present in the purified protein. MalR expression in E. coli was possible only in the presence of D-glucose and late IPTG induction; in the absence of glucose, MalR expression was lethal. Our first attempts to purify the protein from E. coli failed due to degradation of the heterologously expressed MalR. The addition of EDTA and DTT to the buffer system stabilized the protein, as was reported previously for Thermococcus kodakarensis Tgr (TK1769) (11) (see Fig. S4 in the supplemental material). EMSAs performed with MalR Ecoli revealed that binding to the malE promoter was not influenced by the addition of maltose (see Fig. S5 in the supplemental material). Intriguingly, for P. furiosus TrmBL1 as well, EMSAs found that sugars affected only the binding to glycolytic promoters, where TrmBL1 acts as a repressor (10) .
Promoter analysis. The malE promoter was analyzed using in vivo reporter gene fusion assays. Analysis of the malE promoter sequence could not directly identify a regulatory element such as the "Ara box" in the arabinose-inducible promoter of araS in S. solfataricus (19) . Therefore, the constructs used in the study of Berkner et al. (21) , containing lacS under the control of malE promoters of different lengths, were tested for lacS expression in MW001 in the presence or absence of 0.3% (wt/vol) maltose. As seen before, the activation of the promoter by maltose was lost by deletions ranging from 80 to 170 bp upstream of the start codon (Fig. 5B) . The only detectable motif in this region was an 8-bp (ATAATACT) repeat located at bp Ϫ139 to Ϫ132 and bp Ϫ106 to Ϫ99 upstream of the start codon of malE. All partial and complete deletions in this region caused a loss of the induction capability of maltose, confirming the presence of a regulatory element in this region (Fig. 5B) .
In addition, the BRE site and the TATA box are considered to be essential for successful transcription of archaeal promoters. An in vitro analysis of the BRE site in S. solfataricus showed that three nucleotides might be very important for transcription factor B (TFB) binding to this site, i.e., nucleotides Ϫ1, Ϫ3, and Ϫ6 from the TATA box (29) . In the analysis of the araS promoter, changes in the BRE site highly affected the activity of the promoter (19) . Therefore, single-base-pair mutations were introduced into the malE promoter. As expected, the mutation of the Ϫ1 position of the BRE site with respect to the TATA box, corresponding to transcription start site (TSS) position Ϫ33G (Ϫ33G ¡ T), completely abolished expression, whereas the point mutation TSS Ϫ39T ¡ G (at the Ϫ6 position of the BRE site) increased expression 2-fold over that for the original BRE site (Fig. 6A) .
Upstream of the BRE site, at a location corresponding to the location of the "Ara box," a sequence motif resembling an inverted TATA box was identified in the malE promoter. This inverted TATA box, now termed the mal motif, is 172 bp distant from the transcription start site of malK and therefore is not part of the malK promoter. Five different mutations were introduced within the mal motif; of these, the mutation at position TSS Ϫ56 significantly increased the strength of the promoter over that of the wild-type promoter (Fig. 6B) . In contrast. the deletion of this motif (56 to 48 bp upstream of the start codon) led to a strong reduction in the level of lacS expression under inducing (maltose) conditions, thus indicating that this promoter element might play a regulatory role in malE expression (Fig. 6B) .
Development of an improved expression system in S. acidocaldarius. The analysis of strong promoters available from microarray data for S. acidocaldarius (30) indicated that the distance between the TATA box and the start codon might also be important. Therefore, in analogy to the pattern for proven strong promoters, the 2 bp upstream of the start codon of malE were deleted in pSVA1423 (leading to pSVA1450). When the LacS activity in cells harboring pSVA1423 or pSVA1450 was tested under inducing and noninducing conditions, a 4-fold increase in activity was measured in cells containing pSVA1450. However, the basic expression level under noninducing conditions was also increased in a similar range (Fig. 7A) .
In order to demonstrate that the new pSVA1450 vector yields higher expression levels than the pCmalLacS vector, the PP i -dependent phosphofructokinase gene (pfp) from Thermoproteus tenax (31) was cloned into these vectors, and the expression of PFK was tested under comparable conditions. Since S. acidocaldarius relies on the branched Entner-Doudoroff pathway, phosphofructokinase activity is absent; therefore, it can easily be detected by enzyme measurements. SDS-PAGE analysis (Fig. 7B ) and enzyme activity measurements (Fig. 7C ) revealed significantly higher PFK expression levels (3-to 4-fold) with the improved vector system pSVA1450 than with pCmalLacS (in the crude extract, expression levels were 0.18 U/ml with pCmalLacS and 0.75 U/ml with pSVA1450; for PFK after affinity purification, expression levels were 0.64 U/ml with pCmalLacS and 2.16 U/ml with pSVA1450).
DISCUSSION
In this study, it was demonstrated that MalR is a positive regulator that is involved in the control of the expression of the maltose/maltodextrin transport gene cluster encoding the ABC transporter, the ␣-amylase (AmyA), and the ␣-glucosidase MalA in S. acidocaldarius. Although the maltose transport operon is highly conserved in various Sulfolobus species, MalR could be found only in S. acidocaldarius (SyntTax search [32] ) (Fig. 1) , suggesting that this regulator was obtained via horizontal gene transfer. Among members of the Crenarchaeota, only in Caldivirga maquilingensis, also a thermoacidophilic archaeon (33) , could a homologue of MalR be identified. BLAST analysis revealed that MalR shares as much as 24.1% identity with the TrmB family of regulators. From the literature, it is known that TrmB acts as a repressor of the trehalose/ maltose (TM) and the maltodextrin (MD) transport operon in P. furiosus. The global regulators P. furiosus TrmBL1, T. kodakarensis TrmBL1 (i.e., Tgr), and Halobacterium salinarum NRC-1 VNG1451C generally act as repressors for glycolytic genes and activators for gluconeogenic genes (7, 8, (10) (11) (12) . In T. kodakarensis, the Tgr regulon comprises more than 30 genes. Glycolytic genes, as well as genes involved in maltodextrin transport and metabolism (TGM motif downstream of the BRE/TATA sequence), were reported to be repressed, whereas gluconeogenic genes (TGM motif upstream of the BRE/TATA sequence) were activated. To summarize, all studied members of the TrmB family are repressors for their corresponding sugar transport systems. Our results indicate that MalR, in contrast to these regulators, serves as an activator of maltose transport and maltose-degrading genes.
TrmB and TrmBL1/Tgr are regulated by sugar binding with respect to promoter selectivity as well as affinity for their target promoters. The presence of maltose, D-glucose, or D-xylose did not influence the binding of MalR to the malE promoter in EMSAs (Fig. 4) , although the amino acid residues that are important for sugar binding in TrmB regulators are conserved in MalR (see Fig.  S1 in the supplemental material).
Phylogenetic analysis revealed that MalR is related to previously characterized TrmB and TrmBL like regulators but forms a distinct cluster (see Fig. S2 in the supplemental material). In addition, although the maltose transport regulon is present in other Sulfolobus species, MalR is found only in S. acidocaldarius (Fig. 1) . These findings further support the idea that MalR is a unique type of regulator for maltose transport and utilization that acts as a positive regulator, in contrast to TrmB and TrmB-like regulators.
In the quantitative PCR analysis of the mal regulon, malR transcription was induced 2-fold in the presence of maltose relative to growth on sucrose, hinting at a feedback loop in which MalR regulates its own expression. The binding of MalR to its own promoter was not analyzed using EMSAs due to the overlapping divergent promoter regions of malR and malA. However, analysis of the malR promoter in the reporter gene assays (fusion to lacS) under inducing (maltose) and noninducing (sucrose) conditions revealed no change in ␤-galactosidase activity (Fig. 5, rightmost  bars) . The same finding was also reported by Choi et al. (22) , who analyzed ␤-galactosidase activity under the control of the malR promoter in the presence of different sugars. The differences observed in the malR transcript level and promoter activity imply that yet unknown posttranscriptional processes or other regulators might be involved in the regulation of MalR activity. Detailed analysis of the regulatory mechanisms controlling MalR function will be the subject of future research.
In contrast to the malR promoter, the malE promoter was clearly regulated in a maltose-dependent manner, as verified by quantitative RT-PCR and ␤-galactosidase activity assays with transcriptional fusions. The regulatory elements of the malE promoter were dissected, and two 8-bp repeats upstream of the TATA box that were essential for transcription could be identified. It had been shown previously that deletion of the whole region containing these repeats led to inhibition of transcription (21) . Now we demonstrated that both repeats are necessary; the presence of only one repeat is not sufficient for maltose-dependent expression (Fig. 5B) . Notably, these repeats (AT AATACT) are not present in the malR promoter region, which might explain why expression from the malR promoter is not maltose inducible. Furthermore, we identified point mutations in the BRE site and TATA box that increased or decreased promoter activity. The strongest expression from the malE promoter was achieved when the distance between the TATA box and the transcription start site was shortened by 2 bp.
These findings from the malE promoter analysis were used for the improvement of the S. acidocaldarius protein expression system, generating the new expression vector pSVA1450. Heterologous expression of the T. tenax PP i -dependent PFK from the new vector (pSVA1450) resulted in a yield of recombinant protein significantly higher than that with pCmalLacS. Therefore, pSVA1450 is now routinely used for the overexpression of proteins in S. acidocaldarius and has been successfully used for the expression of different proteins (34) (35) (36) (37) (38) .
